The development and performance of a system for x-ray cone-beam computed tomography ͑CBCT͒ using an indirect-detection flat-panel imager ͑FPI͒ is presented. Developed as a bench-top prototype for initial investigation of FPI-based CBCT for bone and soft-tissue localization in radiotherapy, the system provides fully three-dimensional volumetric image data from projections acquired during a single rotation. The system employs a 512ϫ512 active matrix of a-Si:H thin-film transistors and photodiodes in combination with a luminescent phosphor. Tomographic imaging performance is quantified in terms of response uniformity, response linearity, voxel noise, noise-power spectrum ͑NPS͒, and modulation transfer function ͑MTF͒, each in comparison to the performance measured on a conventional CT scanner. For the geometry employed and the objects considered, response is uniform to within 2% and linear within 1%. Voxel noise, at a level of ϳ20 HU, is comparable to the conventional CT scanner. NPS and MTF results highlight the frequency-dependent transfer characteristics, confirming that the CBCT system can provide high spatial resolution and does not suffer greatly from additive noise levels. For larger objects and/or low exposures, additive noise levels must be reduced to maintain high performance. Imaging studies of a low-contrast phantom and a small animal ͑a euthanized rat͒ qualitatively demonstrate excellent soft-tissue visibility and high spatial resolution. Image quality appears comparable or superior to that of the conventional scanner. These quantitative and qualitative results clearly demonstrate the potential of CBCT systems based upon flat-panel imagers. Advances in FPI technology ͑e.g., improved x-ray converters and enhanced electronics͒ are anticipated to allow high-performance FPI-based CBCT for medical imaging. General and specific requirements of kilovoltage CBCT systems are discussed, and the applicability of FPI-based CBCT systems to tomographic localization and image-guidance for radiotherapy is considered.
I. BACKGROUND AND INTRODUCTION
The relationship between radiation treatment dose and tumor control has spurred numerous protocols aimed at escalation of radiation dose for management of prostate cancer. Accordingly, such activities have focused the radiotherapy community on the tradeoffs between dose escalation and induced normal tissue complication. These tradeoffs are, for the most part, governed by the margins used to accommodate the geometric uncertainties in treatment. Investigators have demonstrated the potential for significant dose escalation, if geometric uncertainties can be reduced from current levels of 5-10 mm to the 3 mm level. 1 In sites where organ motion is a significant factor, such as the prostate, this level of precision can only be achieved through on-line image guidance available at the time of treatment.
An imaging system for guidance has several requirements if it is to be applied in radiotherapy of the prostate. These include: ͑i͒ contrast sensitivity sufficient to discern softtissue; ͑ii͒ high spatial resolution and low geometric distortion for precise localization of soft-tissue boundaries; ͑iii͒ operation within the environment of a radiation treatment machine; ͑iv͒ large field-of-view ͑FOV͒, capable of imaging patients up to 40 cm in diameter; ͑v͒ short image acquisition time ͑within a few minutes͒; ͑vi͒ negligible harm to the patient from the imaging procedure ͑e.g., dose much less than the treatment dose͒; and ͑vii͒ compatibility with integration into an external beam radiotherapy treatment machine. A strong candidate technology to satisfy these requirements is kilovoltage ͑kV͒ cone-beam computed tomography ͑CBCT͒. [2] [3] [4] CBCT operates on the same principle as conventional CT, with the exception that an entire volumetric image is acquired through a single rotation of the source and detector. This is made possible by the use of a two-dimensional ͑2D͒ detector, as opposed to the 1D detectors used in conventional CT. There are constraints associated with image reconstruction under a cone-beam geometry; however, these can be addressed through innovative source and detector trajectories. [5] [6] [7] In a previous article, the development of a kV cone-beam CT imaging system for on-line tomographic guidance was reported. 8 The system consisted of a kV x-ray tube and a radiographic detector mounted on the gantry of a medical linear accelerator. The imaging detector was based on a lownoise CCD optically coupled to a phosphor screen. The poor optical coupling efficiency (ϳ10 Ϫ4 ) between the phosphor and the CCD significantly reduced the detective quantum efficiency ͑DQE͒ of the system. While this system was capable of producing CBCT images of sufficient quality to visualize soft-tissues relevant to radiotherapy of the prostate, the low DQE required imaging doses a factor of 3-4 times larger than would be required for a system with an efficient coupling ͑e.g., ϳ50% or better͒ between the screen and detector. 9 Recently developed flat-panel imaging technology offers an ideal replacement for the CCD-based imager. This technology is based upon thin-film hydrogenated amorphous silicon (a-Si:H) electronics fabricated on large area panels ͑e.g., ϳ40ϫ40 cm 2 ͒. A two-dimensional matrix of a-Si:H thin-film transistors ͑TFTs͒ and optically sensitive photodiodes collect the image emitted from the phosphor screen. Such panels demonstrate excellent optical coupling efficiency ͑Ͼ50%͒ and possess high tolerance to radiation damage (Ͼϳ2ϫ10 4 Gy). 10 Their spatial resolution and noise characteristics are compatible with computed tomography, and the devices appear overall well-suited to CBCT. [11] [12] [13] Images may be read at rates up to ϳ30 frames per second, making rapid acquisition of CBCT data feasible. Moreover, the compact form of the x-ray converter, imaging array, and readout electronics makes these devices robust in the rotating geometry of a CBCT system.
We propose the construction of a CBCT system for radiotherapy guidance on a treatment-by-treatment basis using CT data obtained with a kV x-ray source and a large-area, indirect detection flat-panel imager ͑FPI͒. Ultimately, an imaging system based on this technology will be installed on a conventional radiotherapy linear accelerator in our clinic for application to image-guided radiation therapy. In this article, we report on the construction, operation, and performance of a small-volume prototype CBCT imaging system and examine the feasibility of employing FPI technology in the clinical system for image-guided radiotherapy. The system components, the imaging geometry, and the methods of image acquisition and reconstruction are described. The performance of the system is quantified in terms of objective measures of signal and noise transfer characteristics. Finally, a more qualitative examination of performance involves comparison of images produced with the prototype FPI-based CBCT system to those produced with a conventional third generation CT scanner ͑Tomoscan SR7000, Philips Medical Systems, Shelton, CT͒.
II. MATERIALS AND METHODS
A. Prototype CBCT system 1. Overview and system geometry A bench-top system was constructed to mimic the geometry of the CCD-based CBCT scanner currently installed on a linear accelerator, with a source-to-axis distance of 1000 mm and a source-detector distance of 1600 mm. Figure 1 contains a photograph of the CBCT prototype and illustrates the geometry and acquisition processes for the bench-top system for all experiments described in this article. Care was taken in the construction and assembly of all components to guarantee precision and reproducibility in the imaging geometry.
The primary components of the system are the x-ray tube, the rotation stage, and the flat-panel imager. These three components are mounted rigidly to an optical bench ͓Fig. 1͑a͔͒. The relative position of these components is controlled by means of computer-controlled translation and rotation stages, which are used during initial setup to accurately determine and control the imaging geometry. Each motorized stage contains a home or limit switch, and the imaging geometry is referenced to the location of these switches with a reproducibility of Ϯ0.01 mm. The specific geometry used in these studies is shown in Fig. 1͑b͒ . A set of alignment lasers allows visualization of the axis of rotation ͑AOR͒ and the FIG. 1. ͑a͒ Photograph of the FPI-based CBCT prototype system and ͑b͒ schematic illustration of the geometry and procedures within the CBCT system. The flat-panel imager acquires 2D projections at incremental rotations of the object, and fully 3D volume reconstructions are obtained by cone-beam filtered back-projection. The prototype was constructed to provide a precise, reproducible geometry that corresponds closely with that of a tomographic system for image-guided radiotherapy on a linear accelerator.
source plane ͑that which is perpendicular to the axis of rotation and intersects the x-ray source͒. The AOR is positioned such that it intersects the central ray between the source and detector plane ͑Ϯ0.1 mm͒. The FPI is positioned such that the piercing point ͑i.e., the intersection of the central ray and the image plane͒ is centered on the imaging array ͑i.e., between columns #256 and #257, Ϯ0.1 mm͒, with a quarterpixel offset applied to give improved view sampling for CBCT acquisitions in which the object is rotated through 360°.
14 The x object stage is controlled manually by means of a positioning micrometer. The source-to-object (S OD ) and source-to-image (S ID ) distances were measured to within Ϯ0.5 mm and give an object magnification of 1.60, equal to that of the imaging system on the linear accelerator. The cone angle for this geometry is ϳ7.1°.
X-ray source
Radiographic exposures used in the acquisition procedure are produced under computer control with a 300 kHU x-ray tube ͑General Electric Maxi-ray 75͒ and a 100 kW generator ͑General Electric MSI-800͒. The tube has a total minimum filtration of 2.5 mm Al, with an additional filtration of 0.129 mm Cu to further harden the beam, and a nominal focal spot size of 0.6 mm. The 100 kVp beam is characterized by first and second HVLs of 5.9 and 13.4 mm Al, respectively. The accelerating potential of the generator was monitored over a one-week period and was found to be stable to within Ϯ1%. All exposures were measured using the x-ray multimeter ͑RTI Electronics, Model PMX-III with silicon diode detector͒ shown in Fig. 1͑a͒ . The exposures for the CBCT acquisitions are reported in terms of exposure to air at the AOR in the absence of the object. The same method of reporting exposure was used for the images acquired on the conventional scanner. For the conventional scanner, the exposure per unit charge was measured with the gantry rotation disabled and the collimators set for a 10 mm slice thickness, thereby guaranteeing complete coverage of the silicon diode. The exposure per unit charge at 100 kVp was 9.9 mR/mAs and 14.9 mR/mAs for the bench-top and conventional scanners, respectively.
Flat-panel imager
The FPI used in these investigations was manufactured by EG&G Heimann Optoelectronics ͑RID 512-400 A0͒ and incorporates a 512ϫ512 array of a-Si:H photodiodes and thinfilm transistors. The electromechanical characteristics of the imager are shown in Table I . The array is read out at one of eight present frame rates ͑up to 5 frames per second͒ and operates asynchronously of the host computer. The analog signal from each pixel is integrated by ASIC amplifiers featuring correlated double-sampling noise reduction circuitry. Digitization is performed at 16 bit resolution. The values are transferred via an RS-422 bus to a hardware buffer in the host computer. The processor on the host computer is interrupted when a complete frame is ready for transfer to host memory.
CBCT acquisition procedure
The cone-beam scanning procedure consists of a repeated sequence of radiographic exposure, array readout, and object rotation. The timing of this procedure is driven by the asynchronous frame clock of the FPI readout electronics. A conservative frame time of 6.4 s was used for all scans reported in this study unless otherwise specified. Between the periodic frame transfers from the FPI, the host computer ͑Pentium 350 MHz, Windows NT͒ advances the motorized rotation stage and triggers the x-ray generator. The rotor of the x-ray tube remains spinning throughout the scanning procedure. The control software allows the operator to specify the number of frames between exposures; this was designed as a mechanism to investigate methods of reducing the amount of lag in sequential projections. 15, 16 In the investigations reported here no lag suppression schemes were employed, i.e., an exposure was delivered prior to each frame. The detector signal from a group of nine pixels in the bare-beam region of the array is monitored to measure and verify the stability of each radiographic exposure. Exposures outside tolerance are trapped and repeated at the same projection angle. Each projection image is written to hard disk between frame transfer and motor rotation; all scans reported in this study involved 300 projections over 360°of rotation. After the projections are acquired, a set of flood and dark field images ͑20 each͒ are collected to construct gain and offset images for flat-field processing of the projection images.
Processing of the projection data
Prior to reconstruction, the projections are corrected for stationary pixel-to-pixel variations in offset and gain. Defective pixels with significant variations in dark field signal or with aberrant signal response are median filtered. The resulting projections are padded by an additional 128 columns prior to reconstruction; the value of the padded pixels is set row-by-row to the average of the 7 pixels at the periphery of the array. Finally, to account for small variations in x-ray tube output, the signal in each projection is normalized using signal measured from the bare-beam monitor pixels mentioned above ͑nine pixels͒. The pre-reconstruction processing was performed on a 300 MHz UltraSparc processor ͑Enter-prise 450, Sun Microsystems, Sunnyvale, CA͒.
Reconstruction
Feldkamp's filtered back-projection algorithm is used to reconstruct the data set. 17, 18 Images are reconstructed on a Cartesian matrix of voxels 561ϫ561ϫN, where the number of slices, N, depends on the object of interest. The voxel size used in these reconstructions was typically 0.25ϫ0.25ϫ0.25 mm 3 . The filtering used in the reconstructions follows the formalism of Webb.
18 Table I contains the three parameters that specify the filter used in these investigations. Upon completion of the reconstruction, an offset and scale adjustment is applied to set the CT number of air to 0 ͑Ϫ1000 HU͒ and that of water to 1000 ͑0 HU͒; the offset and scale parameters are constant for a given set of reconstruction and acquisition parameters. The reconstruction of the volumetric CBCT data sets is also performed on the UltraSparc system.
B. CBCT imaging performance

Uniformity of response
The uniformity of response of the imaging system over the three-dimensional ͑3D͒ field of view ͑FOV͒ was studied by imaging a cylindrical water bath ͓110 mm diam; see Fig.  2͑a͔͒ . Scans of the same phantom were also acquired on the conventional scanner. The response was examined along both radial and vertical profiles through the reconstructed volume.
Noise characteristics
The noise in reconstructed images of the water bath was studied as a function of x-ray exposure. Images were acquired at exposures of 131, 261, 653, 1310, 3260, and 6530 mR. The images were reconstructed on a 561ϫ561ϫ20 matrix with voxel dimensions of 0.25 mm on a side. For all reconstructions, the reconstruction filter was fixed at the parameters specified in Table I ; varying these parameters is known to have a significant effect on the noise characteristics of the reconstructed images.
The noise characteristics of these image sets were analyzed by ͑i͒ analysis of the standard deviation in CT number in 5ϫ5ϫ1 regions throughout the data set, and by ͑ii͒ calculation of the noise power spectrum ͑NPS͒ from the 3D data sets. Both methods of analysis were performed as a function of exposure. The relative stationarity of the noise was assessed by examining the uniformity of the noise over the entire 3D data set. These results indicated that the noise characteristics of the data set vary only slightly with location, as expected. 19 These initial results lend support to the application of noise power analysis, since stationarity is a necessary condition for proper interpretation of noise power results. The NPS was analyzed from the volumetric data by extension of methods employed for analysis of 2D projection images. [20] [21] [22] The volume data were normalized such that the mean CT number within the water cylinder was 1000. A FIG. 2. Objects employed in the battery of tests performed to investigate the performance of the FPI-based CBCT system. ͑a͒ Uniformity of response, voxel noise, and noise-power spectrum were analyzed from images of a uniform water cylinder. ͑b͒ Six low-contrast inserts in the water bath allowed characterization of contrast sensitivity and response linearity. Parenthetical values specify electron density relative to water. ͑c͒ The spatial resolution ͑MTF͒ was analyzed from images of a steel wire under tension within a water bath. ͑d͒ Images of a euthanized rat provided qualitative examination of soft-tissue visibility and detail in fine structures.
tetragonal region ͑256ϫ256ϫ20 voxels͒ within the water cylinder was cropped from the volume, and a small number of voxel defects ͑always Ͻ1%͒ were 3ϫ3 median-filtered. In order to obtain a convergent 2D central slice of the 3D Fourier transform, the 20 slices were averaged along the z-direction, and it was found that averaging more slices did not affect the NPS; i.e., the data were convergent. A background slice formed from the average of 81 slices in a separate scan was subtracted in order to reduce background trends. Low-frequency trends were further reduced by subtraction of a planar fit to the data, yielding a 2D zero-mean realization. The two-dimensional FFT was computed from ensembles of sixteen 64ϫ64 nonoverlapping regions within the realization, and the results were averaged. The results were normalized to account for voxel size and for averaging in z, and the volume under the NPS was compared to ͑and, as expected, found to agree with͒ the square of the standard deviation. The resulting NPS represents a central profile through the (u x ,u y ) domain, i.e., the Fourier counterpart to the (x,y) domain. Following Dobbins, 20 and for simplicity of presentation, strips along the u x axis were extracted in order to show 1D power spectra, NPS(u x ), e.g., at various exposure levels.
The noise characteristics of the CBCT system were compared to those of the conventional CT scanner. To allow meaningful comparison, the two systems must demonstrate similar response over the range of signal variation. The response was tested by scanning an electron density phantom ͓Fig. 2͑b͔͒ with the two systems. Seven inserts with coefficients near that of water were inserted into a 110 mm diam water bath. The inserts are taken from the RMI electron density phantom 23 having nominal CT numbers ͓Fig. 2͑b͒, clockwise from the top͔: CT solid water ͑CT# 1001͒, BR-SR1 breast ͑CT# 945͒, BRN-SR2 brain ͑CT# 1005͒, CB3 resin mix ͑CT# 1002͒, LV1 liver ͑CT# 1082͒, and polyethylene ͑CT# 897͒. This phantom was imaged at equivalent exposure and kVp with both the CBCT system and the conventional scanner. The attenuation coefficients ͑relative to water͒ reported by the CBCT system were compared to those reported by the conventional scanner. A first-order fit was generated using the least-squares technique. The noise characteristics of the conventional scanner were also measured using the water cylinder test phantom described above. Images were acquired at 100 kVp with a slice thickness of 1 mm at four different exposure levels ͑743, 1490, 2970, and 5940 mR͒. Three images were acquired at each exposure level. Reconstructions were performed on the conventional scanner using the ''High Res Head ͑#1H͒,'' ''Standard Head ͑#2͒,'' and ''Smooth Abdomen ͑#3͒'' filters. The noise analysis was identical to that applied to the CBCT data sets. In order to compare noise results measured on each system, analysis of the CBCT data sets was repeated wherein the CBCT data were first averaged over 2ϫ2ϫ4 voxels to yield an equivalent voxel size ͑0.5ϫ0.5ϫ1 mm 3 ͒ to that given by the conventional scanner.
Spatial resolution
The spatial frequency transfer characteristics of the CBCT system were measured using a wire test object ͓Fig. 2͑c͔͒. The test object consists of a 0.254 mm diam steel wire suspended in a 50 mm diam water bath. The phantom was imaged on the CBCT system ͑at 100 kVp͒ with the wire centered on the AOR and with the wire located ϳ30 mm offaxis. The resulting images were reconstructed on a high resolution reconstruction grid of 0.1ϫ0.1ϫ0.25 mm 3 using the filter described in Table I . Six adjacent slices ͑each 0.25 mm thick͒ were averaged to generate a low noise point spread function ͑PSF͒. Orthogonal slices through the 2D modulation transfer function ͑MTF͒ were calculated by computing the Radon transform of the PSF ͑i.e., integrating along either the x or y axis͒ 24 calculating the 1D Fourier transform, and dividing by the spatial frequency spectrum described by the steel wire. The latter was determined from the Radon transform of a circular disk and is shown in Fig.  7͑b͒ . For purposes of comparison, the same tests were performed on the conventional scanner at 100 kVp for a slice thickness of 1.5 mm. Images were reconstructed using three different reconstruction filters ͓''High Res Head ͑#1H͒,'' ''Standard Head ͑#2͒,'' and ''Smooth Abdomen ͑#3͒''͔.
Phantom and small animal study
The relative imaging performance of the CBCT system and the conventional scanner were compared using phantoms and small animals. A simple comparison in soft-tissue de- FIG. 3 . Uniformity of response. ͑a͒ Axial and ͑b͒ sagittal slices through volume images of a uniform water bath illustrate the relative uniformity in CT number reported by the CBCT system. The lower-left region of each image has been histogram-equalized to maximize displayed contrast. ͑c͒ Radial profiles shown at zϳ0 mm and zϳ4.25 cm indicate that response is uniform to within 2% throughout the volume. Superimposed in the lower plot of ͑c͒ is a radial profile from a scan of the same phantom on a conventional scanner ͑dotted line͒. ͑d͒ A vertical signal profile at ϳ20 mm from the axis of rotation shows excellent uniformity in the z-direction. The aspect ratio of the graphs in ͑c͒ and ͑d͒ was chosen to facilitate intercomparison of the vertical scales. tectability was performed with the phantom shown in Fig.  2͑b͒ . The proximity in CT number between each of the six cylinders makes this phantom a useful test object for examining contrast sensitivity and soft-tissue detectability. Images were acquired of the phantom with both the CBCT and conventional scanners. Multiple high-resolution CBCT slices were averaged to produce an equivalent slice thickness to that used on the conventional scanner ͑1.5 mm͒. Equivalent exposure ͑2980 mR͒ and kVp were used in the two different scans.
A second test of soft-tissue sensitivity was performed by imaging a laboratory rat that had been euthanized for other purposes. A scanning procedure identical to that described in the previous section was used, delivering an in-air, on-axis exposure of 2980 mR at 100 kVp for both systems. The subject was also scanned on the conventional CT scanner at a slice thickness of 1.5 mm. This scan delivered the same imaging dose as was delivered by the CBCT system. For purposes of intercomparison, six slices from the CBCT data set were averaged to produce a slice thickness equivalent to that of the conventional scan. The images were displayed at comparable window and level to allow comparison.
III. RESULTS
A. CBCT imaging performance
Uniformity of response
The uniformity of response of the CBCT scanner is presented in Fig. 3 . Axial and sagittal slices through the CBCT 3D data set are shown. The images demonstrate a relatively uniform response over the entire FOV of the system. A slight non-uniformity of approximately 20 CT numbers ͑2%͒ is visible in the histogram equalized regions of the images. This nonuniformity appears as a combined cupping and capping artifact; the radial profile ͓Fig. 3͑c͔͒ illustrates this point further by comparing to the results obtained from the conventional scanner ͑dotted line͒. The source of this cupping and capping artifact was investigated using simulated projection data and using an alternative reconstruction library on the measured data. Both investigations demonstrate that the capping artifact in these results is an artifact of the current reconstruction engine. Apart from the axial nonuniformity   FIG. 4 . Noise characteristics. ͑a͒ Axial and ͑b͒ sagittal noise images from volume reconstructions of a uniform water bath, where each point displayed represents the standard deviation in voxel values over a 5ϫ5ϫ1 neighborhood. The increased noise in the central region of the lower portion of ͑b͒ is due to ring artifacts arising from defective pixels. As seen in ͑a͒ and in the radial noise profiles of ͑c͒, the noise is fairly uniform in a given axial slice, with somewhat reduced noise values at extended radius consistent with expectations. As seen in ͑b͒ and in the vertical noise profile of ͑d͒, the variation of the noise in the z-direction is very small. The curves in ͑c͒ represent radial noise profiles measured at various exposures. The aspect ratio of the graphs in ͑c͒ and ͑d͒ were chosen to facilitate intercomparison of the vertical scales.
FIG. 5.
Comparison of ͑a͒ response linearity and ͑b͒ voxel noise for the FPI-based CBCT prototype and a conventional CT scanner. ͑a͒ The CT# reported by the CBCT system is plotted for various materials as a function of the CT# reported by the conventional scanner ͑taken to provide linear response to electron density͒. Throughout this work, CT values of air and water are normalized to 0 and 1000, respectively. Within experimental error, the CBCT prototype provides response that is linear and consistent ͑within ϳ1%͒ with the response of the conventional CT scanner. ͑b͒ Voxel noise measured as a function of exposure. The solid circles ͑solid lines͒ correspond to the CBCT prototype, whereas the open circles ͑dotted lines͒ correspond to the conventional CT scanner. The solid curves represent leastsquare fits to the CBCT data by a form proportional to the inverse squareroot of the exposure. The top curve shows results for the CBCT system for full-resolution reconstruction ͑0.25ϫ0.25ϫ0.25 mm 3 voxels͒, and the lower solid curve shows results for the CBCT system averaged to give voxel size equivalent to the conventional scanner ͑0.5ϫ0.5ϫ1 mm 3 voxels͒. Results for the conventional scanner were obtained using two reconstruction filters-''High-Res Head ͑#1H͒'' and ''Standard Head ͑#2͒.'' inherent to the reconstruction engine, the response of the CBCT system is highly uniform, particularly along the z-dimension.
Noise characteristics
In addition to demonstrating uniformity of system response, the images in Fig. 3 also demonstrate uniform noise characteristics with few artifacts. This is the case for the full range of exposures studied. The magnitude and uniformity of the noise is demonstrated in Fig. 4 . The noise varies to a slight degree along the radial axis and to a negligible degree along the vertical axis. A slight dependence on radial position is expected 19, 25 due to the differences in transmission across the cylindrical water bath. Figure 4͑c͒ also presents the measured dependence of noise on exposure ͓also shown below, in relation to Fig. 5͑b͔͒ . Overall, the CBCT system was capable of achieving a noise level of approximately 20 CT numbers for an in-air exposure of 6560 mR at isocenter.
The noise measured for the CBCT system as a function of exposure is shown in the top curve of Fig. 5͑b͒ . The noise is seen to decrease from ϳ80 units at the lowest exposure examined down to ϳ20 units at the highest. Superimposed is a least-squares fit of the form ϭaϩb/ͱX, where is the noise in voxel values, X is the exposure at isocenter, and a and b are constants obtained from the numerical fit. This inverse-square-root dependence upon exposure is consistent with basic noise transfer theory for x-ray tomographic reconstructions. 19, 25 In order to examine the linearity and accuracy of system response, the CT numbers reported by the CBCT system for a variety of materials ͓Fig. 2͑b͔͒ were compared to those reported by the conventional scanner. As shown in Fig. 5͑a͒ , the CT numbers of the CBCT system agree well with those of the conventional scanner. The largest discrepancy over the range of CT numbers was 8 units, with an average discrepancy of 5.7. The high coefficient of correlation indicates that, over the range examined, the values reported by the CBCT system are proportional to attenuation coefficient.
The voxel noise of the CBCT system and the conventional scanner was compared as a function of exposure, shown in Fig. 5͑b͒ . Shown by the open circles and dashed lines are the results for the conventional scanner using the ''High-Res Head ͑#1H͒'' and ''Standard Head ͑#2͒'' reconstruction filters. In each case, the noise decreases as expected with exposure. An exact comparison between the two systems requires that both data sets be reconstructed at equivalent voxel size and with the same reconstruction filter. The requirement for equivalent voxel size was achieved by repeating the noise analysis for the CBCT system, with voxel size equivalent to that of the scanner. In order to illustrate the effect of the reconstruction filter upon the voxel noise, reconstructions were performed with both the ''High-Res Head'' and ''Standard Head'' reconstruction filters. The noise for the CBCT system at equivalent voxel size is shown by the lower solid curve with a least-squares fit superimposed. At equivalent voxel size, it is clear that the CBCT system has higher noise at lower exposures than the ''Standard Head'' FIG. 6. Noise-power spectrum. ͑a͒ Grayscale plot of the axial NPS(u x ,u y ), with brighter shades corresponding to higher spectral density. The overall shape of the axial NPS is typical of systems employing filtered backprojection reconstruction. ͑b͒ NPS measured at various exposures. Spectral density increases at low and mid-frequencies due to the ramp filter, and decreases at higher frequencies due to blur and apodisation. The spectral density decreases with increasing exposure, since the mean signal value ͑i.e., CT value for waterϭ1000͒ is fixed. ͑c͒ NPS for the CBCT system in comparison to the conventional scanner. As in Fig. 5͑b͒ , the top curve represents results for the CBCT system at full-resolution, whereas the lower curve is for the CBCT system averaged to give voxel size equivalent to the conventional scanner. Results for the conventional scanner are shown for three choices of reconstruction filter ͓''High-Res Head ͑#1H͒,'' ''Standard Head ͑#2͒,'' and ''Smooth Abdomen ͑#3͒,'' also shown in Fig. 7͑b͔͒ . Careful consideration of the reconstruction parameters is essential for quantitative comparison of noise and spatial resolution.
CT scanner results. Compared to the ''High-Res Head'' results for the conventional scanner, however, the CBCT system actually provides lower noise at all but the very highest exposures. Clearly, careful matching of reconstruction filters and reconstruction matrix is required to permit exact intercomparison of the two systems. Nonetheless, the results obtained using the CBCT system are encouraging, since the early prototype flat-panel detector used in this system is known to exhibit a fairly high level of additive electronics noise, 16 a factor of ϳ5-10 higher than that achieved by more recent electronics designs.
Results of the NPS measurements are summarized in Fig.  6 . The 2D NPS in the axial plane ͓Fig. 6͑a͔͒ exhibits a spectral shape typical of systems employing filtered backprojection reconstruction. 26 The spectral density is reduced ͑but nonzero͒ near zero-frequency, increases at midfrequencies due to the ramp filter ͑e.g., peaking around ϳ0.5 mm Ϫ1 ͒, and declines at higher frequencies by virtue of the low-pass noise characteristics of the system ͑e.g., 2D image blur and choice of apodisation window͒. 27 Slices of the NPS along the u x -dimension are shown in Fig. 6͑b͒ for various exposure levels. Since the mean signal level is fixed for each case ͑i.e., CT#ϭ1000 within the water phantom͒, the NPS decreases with increasing exposure. Specifically, the NPS appears inversely proportional to exposure in a fashion consistent with the form of the numerical fits in Fig. 5͑b͒ . As shown in Fig. 6͑c͒ , the NPS measured at ϳ1.3 R ͑in air at isocenter͒ is ϳ30 mm 3 near zero-frequency, increases by a factor of ϳ4 at mid-frequencies, and then descends to about the initial level of spectral density at the Nyquist frequency. Superimposed in Fig. 6͑c͒ are the results measured for the conventional scanner using three reconstruction filters, and to facilitate intercomparison, NPS results for the CBCT system are shown for an equivalent voxel size. For the #2 and #3 filters, the conventional scanner exhibits NPS with the characteristic shape described above; however, the highresolution #1H filter is seen to significantly amplify highfrequency noise. The CBCT system appears to exhibit lowfrequency NPS comparable to the conventional scanner using the #2 filter, and high-frequency NPS intermediate to the cases of the conventional scanner using the #2 and #1H filters. Given that the choice of reconstruction filter can significantly affect noise and spatial resolution, and considering the two cases that seem most closely matched ͓CBCT at equivalent voxel size compared to the conventional scanner ͑#1H͒; see also Fig. 7͑b͒ , below͔, the CBCT system-even in its initial, unoptimized configuration-appears to provide noise performance comparable to the conventional scanner. As evident in Fig. 5͑b͒ , the CBCT system exhibits lower voxel noise than the conventional scanner ͑#1H͒ at low exposures. Similarly, the CBCT exhibits reduced highfrequency NPS. These initial results are especially promising considering the on-going improvements in FPI design and readout electronics.
28,29
Spatial resolution
The response of the CBCT system to the wire test object is presented in Fig. 7͑a͒ . Overall, the PSF is symmetric ͑aside from a small streak artifact believed associated with the image lag characteristics of the system͒ 15 and has a fullwidth at half-maximum ͑FWHM͒ of 0.6 mm. The system MTF is shown in Fig. 7͑b͒ for both the on-and off-axis wire results. These results suggest that the frequency pass of the system in the zϭ0 plane does not change significantly over the relatively small ͑ϳ30 mm͒ range examined. The strong influence of the reconstruction filter is demonstrated in the MTF results for the conventional scanner, also shown in Fig.  7͑b͒ . The ''Standard Head ͑#2͒'' filter significantly reduces the signal pass of the system compared to the ''High-Res Head ͑#1H͒'' filter. The results demonstrate that the MTF of the conventional scanner is comparable to that of the CBCT system when the ''High-Res Head ͑#1H͒'' filter is used. This observation is consistent with the noise results presented in Fig. 5͑b͒ . The resolution of the CBCT and conventional scanner have not been compared in the z-dimension. It is expected, however, that the spatial resolution of the CBCT system in the z-dimension will be comparable to that measured in the axial plane. Of course, the spatial resolution of Note that the MTFs shown here were analyzed from images in the axial plane. For the CBCT prototype, the spatial resolution is expected to be isotropic, whereas that of the conventional scanner in the z-direction is limited by the choice of slice thickness ͑typically տ1 mm͒.
the conventional scanner will be limited by the selected slice thickness, which is typically 1 mm or greater. The nearly isotropic resolution of the CBCT system is expected to be a significant advantage for detection and localization. Fig. 8 are axial image slices of the low-contrast phantom obtained on ͑a͒ the CBCT prototype system and ͑b͒ the conventional CT scanner at equivalent kVp and exposure. The grayscale window in each case is quite narrow in order to maximize the displayed contrast, and despite the slight signal nonuniformity evident for the CBCT image ͑cupping/capping artifact discussed above͒ the visibility of each insert is comparable to the conventional scanner. The mean signal values for each material are as shown in Fig.  5͑a͒ . Slight differences in system response ͑e.g., due to detector response, x-ray spectrum, etc.͒ can result in contrast reversal for materials with CT# very close to that of water. For example in the case of the brain insert ͑lower right͒, even the slight ͑ϳ5 CT#͒ difference between the mean value reported by the CBCT prototype and the conventional scanner is sufficient to give an apparent inversion in the density of the material relative to water. The minimum detectable contrast is arguably superior for the CBCT prototype ͑e.g., visibility of the brain and CB-3 inserts͒, but this remains to be verified by a more quantitative observer study.
B. Imaging studies: A low-contrast phantom and a small animal
Shown in
The overall performance of the CBCT system is demonstrated in the images of a volumetric data set illustrated in Fig. 9 . These images of a euthanized rat demonstrate the soft tissue sensitivity and high spatial resolution of the system. Example images are shown from various regions throughout the volumetric set ͓e.g., in regions of the lungs ͑a,b,c͒, the kidney ͑d,e,f͒, and lower spine ͑g,h,i͔͒ to illustrate the quantity and uniform quality of the data produced with the CBCT system. The clear visualization of soft-tissue structures demonstrates the soft-tissue contrast sensitivity of the scanner. In Figs. 9͑a͒-9͑c͒ , the window and level have been set to emphasize features in the lung of the rat. In addition to the lung detail, there are some streak artifacts evident, the origin of which is believed to be associated with detector lag effects 15 and/or beam hardening. The soft tissue contrast sensitivity of the CBCT system is illustrated in Figs. 9͑d͒-9͑f͒ , in which the window and level have been set to delineate fat and muscle. The cross-hair in each image indicates the location of the rat's left kidney. These images illustrate the advantage   FIG. 8 . Images of a low-contrast phantom obtained using ͑a͒ the CBCT prototype system and ͑b͒ a conventional CT scanner. Cylindrical inserts are as shown in Fig. 2͑b͒ , clockwise from top: CT solid water, breast, brain, CB-3 resin, liver, and polyethylene. For purposes of comparison, the image in ͑b͒ was obtained using the ''High-Res Head ͑#1H͒'' filter, for which the MTF and NPS most closely match those of the CBCT prototype. While the filter selection affected the apparent texture of the image, it did not significantly affect the visibility of the inserts from what is shown in ͑b͒.
FIG. 9.
CBCT images of a euthanized rat in regions of ͑a,b,c͒ the lungs, ͑d,e,f͒ the kidney, and ͑g,h,i͒ the lower spine. The window and level settings were varied in each image to allow visualization of the structures of interest. Axial ͑a,d,g͒, coronal ͑b,e,h͒, and sagittal ͑c,f,i͒ slices qualitatively demonstrate isotropic spatial resolution, with excellent soft-tissue contrast in each case. Bronchial structure within the lungs is clearly identifiable, the kidney is well delineated from surrounding muscle and fat, and fine detail in the vertebrae and intervertebral spaces is demonstrated. Voxel size in each case is 0.25ϫ0.25ϫ0.25 mm 3 , and the vertical scale in the images shows 1 cm spacing.
of a nearly isotropic spatial resolution for delineation of a 3D structure such as the kidney. Other structures, such as the stomach, bowel, and liver are also clearly visible. The spatial resolution performance of the system is demonstrated in Figs. 9͑g͒-9͑i͒ , in which the same rat data set is displayed with window and level selected to display bony features. The clear visibility of the intervertebral spaces and the noncortical bone in the pelvis is stunning. It should be kept in mind that this level of detail was produced on a CBCT bench-top system that operates on a scale that mimics the geometry of the linear accelerator; therefore, this level of detail would be expected in the clinical implementation of the device, given accurate correction of mechanical flex. 30 The volumetric data set is illustrated further in Fig. 10 , in which volume renderings demonstrate the fully 3D nature of the data set and show the level of detail contained within the CBCT data. It is interesting to note that all the data presented in Figs. 9 and 10 were obtained from a single acquisition performed in a single rotation.
Finally, the quality of images produced by the CBCT system was assessed by comparison to images produced by the conventional scanner. Figure 11 shows an axial slice of the rat acquired on the two systems. At equivalent exposure, the images produced by the two systems are of comparable quality both in terms of spatial resolution and contrast sensitivity. The FPI-based CBCT image exhibits exquisite spatial reso- lution and provides clear delineation of soft-tissue boundaries and detail in the gut. The spatial resolution of the CBCT system appears to exceed that of the conventional scanner; however, it must be noted that restrictions in available reconstruction matrices for the conventional CT scanner limited the voxel size to twice that of the CBCT image.
IV. DISCUSSION AND CONCLUSIONS
The objective of these investigations is to evaluate the applicability of flat-panel technology as a detector in a CBCT system-specifically, a tomographic imaging system for use in the guidance of radiation therapy on a medical linear accelerator. The results of these studies are overall very encouraging.
The quantitative and qualitative results of our studies suggest that a CBCT scanner based on flat panel detector technology is a viable means for high performance computed tomography. Initial studies of signal response uniformity demonstrated that the response of the system is uniform over the FOV to within Ϯ2%. The linearity of response was demonstrated using a range of soft-tissue test materials and was found to be linear to within Ϯϳ0.6%. Measurements of image noise versus exposure demonstrate that the prototype CBCT system performs comparably to the conventional scanner, demonstrating the inverse square root exposure dependence predicted by theory. Investigations of noise power spectrum and spatial frequency response for the two systems reinforce these conclusions and illustrate the advantages of developing more extensive ͑empirical and theoretical͒ frequency-dependent characterization methods for volumetric computed tomography systems. 22 In addition to the quantitative measures of performance, the images of low-contrast phantoms and small animal anatomy confirm the conclusions drawn from these measures, showing excellent detail and soft-tissue contrast, more than sufficient for tissue localization in radiation oncology.
The results presented here demonstrate the potential of this approach for volumetric imaging. However, this study has been performed under conditions of small object size and small cone angle. These conditions are imposed by the size of the detector used in this investigation. Imaging with larger detectors allows increased cone angle and, for CT, increased object thickness. The extrapolation of performance based on the results presented here to that for larger detectors must be done with some caution. Imaging larger objects with an increased FOV will result in increased scatter and reduced transmission. The increase in scatter can be expected to have a negative impact on CT imaging performance by introducing non-uniformities in the reconstructed image ͑e.g., cupping and/or streaks͒, 31, 32 and by adding x-ray quantum noise to the image signal. The magnitude of scatter reaching the detector will depend greatly on the cone-angle and air gap employed, and studies suggest that scatter at these distances may be reduced compared to conventional radiographic applications. 33, 34 Quantifying the magnitude of the x-ray scatter problem and developing methods to reduce it are areas of ongoing investigation.
In addition to concerns of x-ray scatter at large coneangles, the scanning of larger objects will significantly reduce the fluence arriving at the detector. This reduced transmission will negatively impact the performance of the flatpanel detector. Additive noise causes the DQE of the imager to depend on the number of x rays forming an image. 21, 28 This dependence is illustrated in Fig. 12 for the flat-panel imager used in these investigations and for hypothetical detectors that embody the most recent advances in imager design, 28 including higher x-ray quantum detection efficiency through the use of CsI:Tl and a reduction in additive noise through improvements in readout electronics. The zero-frequency DQE was computed using a model for signal and noise transfer that has demonstrated excellent agreement with measurements. 21, 35 It is clear from Fig. 12 that improvements in the x-ray converter and electronics noise significantly reduce the exposure dependence of the DQE over the broad range of exposures required for CT. The magnitude of the reduction depends greatly on the amplifier noise in the system. For the prototype imager used in these studies, the amplifier noise is very high 16 at 12 700 e. For the low transmitted exposure levels in CT of pelvic anatomy, for example, this detector would achieve a zero-frequency DQE of less than 10%. In comparison, an imager that incorporates the recent advances in design listed above ͑e.g., a high-quality CsI:Tl converter and amplifier noise of 3000 e or better͒ would achieve a higher DQE ͑ϳ65%͒ at full transmission and maintain a DQE of Ͼ40% even at low exposure levels. The FPI reported herein employs a 133 mg/cm 2 Gd 2 O 2 S:Tb x-ray converter, exhibits a high level of amplifier noise ͑ϳ12 700 e͒, and clearly suffers in DQE at exposures less than ϳ0.1 mR. Incorporation of an improved x-ray converter ͑250 mg/cm 2 CsI:Tl͒ increases the DQE considerably by virtue of higher quantum detection efficiency and provides superior or equivalent DQE͑0͒ down to ϳ0.01 mR. Furthermore, improvement in the amplifier electronics noise level significantly extends the range of exposures over which the FPI is x-ray quantum limited. For example, reduction of amplifier noise to less than ϳ3000 e provides DQE͑0͒Ͼ40% even at micro-Roentgen exposure levels, dramatically improving performance for the most challenging anatomical sites ͑e.g., the pelvis͒. Driven largely by the performance requirements of projection radiography and interventional fluoroscopy, recent improvements in FPI designs and technology have made such enhancements a reality.
Such enhancements in imager design are within the current capabilities of FPI manufacturers and will greatly facilitate the medical application of FPIs in cone-beam CT. Furthermore, these improvements are largely driven by other forces in digital imaging that anticipate use of FPIs in place of conventional image-intensifier systems for interventional fluoroscopy. For this reason, it can be expected that imagers with such characteristics will be available within the next few years.
High performance imaging using a CBCT scanner based on a flat-panel imager has been demonstrated on a bench-top apparatus. Is it possible to build a clinical imaging system with such technology? The answer to this question is an unqualified, ''yes.'' Overall, the operating characteristics of the flat-panel are highly compatible with acquisition in a CBCT scanning geometry. Unlike image-intensifier or lens based systems, flat-panel detectors are geometrically robust under a rotating geometry, eliminating concerns of image distortion. The high readout rate of these detectors allows for imaging sequences of 300 projection images to be acquired within 10 s ͑operating at 30 fps͒. This is more than sufficient to satisfy the allowable rotation rates for the gantry of a medical linear accelerator. In fact, while the International Electromechanical Commission ͑IEC͒ recommends less than 1 revolution per minute for linear accelerators, it would be reasonable to reconsider such constraints in light of the advantages of CBCT guidance in the treatment room. Currently, the detector size and aspect ratio are driven by the needs of digital radiography, producing detectors comparable in size to radiographic film. These sizes limit the field-ofview of the reconstruction if sufficient clearance is to be maintained between the detector and patient during gantry rotation. This problem can be addressed using offset-detector schemes that use 360°of gantry rotation. 3 Ultimately, a specialized detector could be designed with a size and aspect ratio that match the requirements for CBCT ͑e.g., ϳ25ϫ50 cm 2 area panel͒. Given the potential that this technology is demonstrating, the opportunities for new areas of application for computed tomography are significant. Imaging systems based on this technology can be constructed to address specific imaging problems, including nondestructive testing ͑at kilovoltage or megavoltage energies͒, early detection and monitoring of specific medical conditions, and, of course, navigational imaging for therapies. The compact nature of the panels allows FPI-based CBCT imagers to be applied in situations that would never be considered feasible for a conventional CT scanner. The CBCT approach offers two important features that dramatically reduce its cost in comparison to a conventional scanner. First, the cone-beam nature of the acquisition does not require an additional mechanism to move the patient ͑or object͒ during image acquisition. Second, the use of a cone-beam, as opposed to a fan-beam, significantly increases the x-ray utilization, lowering the x-ray tube heat capacity required for volumetric scanning. For the same source and detector geometry, the efficiency roughly scales with the slice thickness. For example, the x-ray utilization increases by a factor of 30 in going from a 3 mm slice in a conventional scanner to a cone-angle corresponding to a 100 mm slice with a cone-beam system. This would decrease heat-load capacities dramatically. From our experience, a 5200 kHU x-ray tube costs approximately $70 000, whereas a 600 kHU x-ray tube ͑a factor of ϳ10 lower in capacity͒ costs roughly $6000.
Cone-beam computed tomography has been a topic of active research and development for over a decade in areas such as nuclear medicine and industrial testing; however, only recently has it begun to appear in the diagnostic CT arena. The developments in this area have been for the most part limited to multislice detectors. 36 In this investigation, the use of an alternative detector for high-quality CT has been studied. The results of the investigation suggest that there is a significant potential for the use of these detectors in CBCT systems for radiotherapy and quite possibly for diagnostic and interventional CT imaging tasks that will take advantage of the fully 3D nature of CBCT. Based upon the positive results presented here, we have begun to construct an FPIbased kilovoltage CBCT scanner for guiding radiation therapy on a medical linear accelerator. While the advantages of improved precision in radiotherapy are clear, it remains to be seen how this new and exciting technology alters clinical practice.
